1. Introduction and review {#sec1}
==========================

1.1. Background {#sec1.1}
---------------

As far as is known to history, no coronavirus \[[@bib1]\] has been as disturbing to humanity as the human pandemic of the 2019 novel coronavirus \[[@bib2]\] now known as SARS-CoV-2. In quick response to determination of the final version of the RNA sequence of the Wuhan seafood market isolate, the present author examined functional sites of SARS-CoV-2 that are highly conserved across the coronaviruses \[[@bib3],[@bib4]\], and which thus likely to exhibit escape mutation that can quickly undo the good work of the developers of vaccines and therapeutic agents. So far, the published papers have concerned the spike glycoprotein \[[@bib3], [@bib4], [@bib5]\]. Exploration of known and newly found proteolytic cleavage sites in the spike glycoprotein of SARS-CoV-2 that are well conserved is a popular area of inquiry for SARS researchers because such sites can interact with human host airway proteases that could be the target for protease inhibitors as potential drugs (e.g. Ref. \[[@bib6]\]). The difficulty is that inhibiting the action of human proteins could have undesirable effects on the host \[[@bib6]\], so parallel work on other kinds of functional sites in the coronavirus proteins is of great importance.

The present paper explores another potential functional site in the spike protein, but this one is a different because the site is not a proteolytic cleavage site, and it is not well conserved, except, it is argued, for a characteristic composition of particular amino acid residues. Expressed another way, there can exist certain subsequences of a protein sequence that *are* well conserved, but only in respect to some pattern or property that is less obvious than the order of amino acids. Finding them (or as is more correctly stated, predicting them) may therefore require a more subtle and, in the present case, novel bioinformatics tool, compared with the standard bioinformatics tools which were essential in the preceding papers \[[@bib3], [@bib4], [@bib5]\]. Comparisons with other proteins as described below suggest that the subsequence of interest in this paper could have a crucial function, and a high degree of conservation is, even by itself, also a clue as having a role important to the virus \[[@bib5]\]. Hence such a site may represent a potential therapeutic target, perhaps as well as representing a synthetic vaccine target. However, until very recently, that crucial function did not even seem to be possessed by SARS-CoV and SARS-CoV-2, and the details have yet to be elucidated.

1.2. Binding sialic acid glycans - a traditional picture from the influenza virus {#sec1.2}
---------------------------------------------------------------------------------

The particular virus function that is considered in the present paper is non-covalent binding to the sialic acid glycans, i.e. oligosaccharides or polysaccharides that contain sialic acid residues. They are sometimes called sialylated glycans. Interest in this binding arose as follows. It seems unlikely (although of course possible) that functions important for many different kinds of virus are of little importance to others, especially if they have a common lifestyle such as infection of the respiratory system or alimentary tract, typically reflected by common symptoms. If such functions are absent, it begs the question of how the virus copes. Though glycan binding of SARS-CoV and SARS-CoV-2 seems absent, diminished, or relatively neglected in the literature (see Section [1.5](#sec1.5){ref-type="sec"}), many coronaviruses such as human coronavirus OC43 and bovine coronavirus appear to recognize sialic acid as a receptor. However, most biology students are more familiar with the hemagglutinin and neuraminidase of influenza, the H and N in, for example H1N1 (the numbers such as 1 being based on immunological typing of these proteins), that bind to glycans, (sugar chains, oligosaccharides or polysaccharides) at cell surfaces notably those chemically bound to membrane proteins, hence called glycoproteins, of host cells. The surfaces of many animal and all vertebrate cells are dressed with a dense and complex array of glycans primarily containing sialic acids, attached to proteins and lipids at the cell surface. Such glycans also occur to a lesser extent in other organisms, ranging from fungi to yeasts and bacteria, and they are present at the surface of many viruses derived from animal hosts. Glycans can contain several kinds of sugar, including notably sialic acid, glucose, mannose, fucose, N-Acetylglucosamine, and N-Acetylgalactosamine. The standard emotive picture is that the influenza hemagglutinin binds the cell surface glycan molecules to first locate the lung cell surface, and that the neuraminidase has a later role, to enable many thousands (perhaps hundreds of thousands of) "baby viruses", i.e. the newly formed virions, to cut their way out the protective layer of glycans when emerging from the cell. More correctly stated, when the replicated viruses bud from the host cells, they remain attached to the host-cell surface by binding between hemagglutinin and the "tips" of the glycan chains, and the neuraminidase is used to sever that link by breaking certain links between the component sugar residues (see below). Recent work has supported this long standing picture for influenza viruses, but also answers affirmatively to the question that must have arisen in many student\'s minds, i.e. that the neuraminidase must also be important for the virus to cut its way into the cell in the first place \[[@bib7]\]. Any such description of entry does not, however, quite fit in with the above "more correctly stated" model for final release of the virion progeny, because it is not obvious why the incoming infecting virus should bind to the cell surface and then be made to disengage. Nonetheless, many viruses appear to need and do have an enzyme to achieve similar results, even if that enzyme is not of neuraminidase type and dissociates the virus from the cell in other ways: e.g. see Ref. \[[@bib8]\] and discussion below. It does seem reasonable that all such similar results must provide assistance in the mobility of virus particles through the respiratory tract mucus, but a fuller picture should perhaps include the notion of "decoy" glycan molecules \[[@bib9]\] as discussed below.

1.3. The great diversity of sialic acid glycans {#sec1.3}
-----------------------------------------------

The seeming challenge for research into non-covalent binding to glycans is that they are diverse molecules, and that remains true even among the sialic acid glycans. At first consideration, this would seem to suggest that the prediction of glycan binding sites will be difficult. Critical features that distinguish glycans of interest in the present paper are the terminal sugar residues on the oligosaccharide chains at the distal ends (i.e. the "tips"), where sialic acids are important, and the amino acid residue attachment site (*N*- or. *O*-) to the membrane protein at the base. The N (nitrogen) protein attachment point attachment is asparagine and the O (oxygen) protein attachment point is usually serine or threonine, but sometimes tyrosine, or occasionally other amino acids which are hydoxylated as a post-translational modification. Covalent connections of that kind are those to the host cell surface proteins but, as indicated above, it is the non-covalent binding of a virus to them that is of interest here. Covalent binding is controlled by host enzymes and so would appear, again at first consideration, to be more specific. Enveloped viruses such as SARS-CoV-2 also have their own bound sialic acid glycans (the spike protein is usually referred to as the spike glycoprotein), but these are of less direct interest here although they can clearly influence binding of a virus to various receptors.

Despite their diversity, and perhaps because of it (i.e. because that diversity implies more information content) sialic acid glycans of host cells are key molecular recognition features not only for entry of viruses such as influenza, but also in embryonic development, neurodevelopment, reprogramming, and oncogenesis. Correctly speaking, even sialic acid itself is diverse. It is a generic term for a family of derivatives of the nine-carbon sugar neuraminic acid. The sialic acid family includes some 43 derivatives of neuraminic acid, but these acids rarely appear free in nature. Members include *N*-acetylneuraminic acid, 2-keto-3-deoxy-[d]{.smallcaps}-*glycero*-[d]{.smallcaps}-*galacto*-nonulosonic acid, 5,7-diamino-3,5,7,9-tetra-deoxy-[d]{.smallcaps}-*glycero*-[d]{.smallcaps}-*galacto*- nonulosonic acid, and 5,7-diamino-3,5,7,9-tetra-deoxy-[l]{.smallcaps}-*glycero*-[l]{.smallcaps}-*manno*-nonulosonic acid. If the term "sialic acid" is used unqualified, it usually refers to the representative member of this group, *N*-acetylneuraminic acid. The variability of glycans is not random but reflects their modes of synthesis. In eukaryotes generally, a typical N-linked glycan has an initial core that consists of 14 residues (3 glucose, 9 mannose, and 2 *N*-acetylglucosamine). This preassembled glycan is usually transferred by a glycosyltransferase oligosaccharyltransferase to a nascent peptide chain within the reticular lumen. This initial core 14-sugar unit is assembled in the cytoplasm and endoplasmic reticulum and other sugars may be added later. In contrast, O-linked glycans are assembled one sugar at a time at the outset on proteins in the Golgi apparatus.

There are some specific features of medical interest as relevant to the human host of viruses (but by no means unique to humans). The lung epithelial glycans are typical by having sialic acids as the distal residues, and it is these that the influenza neuraminidase cleaves away. Most soluble secreted proteins are also similarly decorated with such glycans. That includes the proteins that make up saliva and mucus in the airway, and are in general important for viral infection. Both N- and O- and glycosphingolipid-glycans are found in human lungs, and they include large and complex-type N-glycans with linear poly-N-acetyllactosamine \[-3Galβ1--4GlcNAcβ1-\]~n~ extensions, which are predominantly terminated in α2,3-linked sialic acid. In contrast, the smaller N-glycans lack poly-N-acetyllactosamine but are enriched in α2,6-linked sialic acids. There are also large glycosphingolipid glycans, which also consists of poly-N-acetyllactosamine, usually terminating in α2,3-linked sialic acid. While it is commonly maintained that viruses such as influenza virus bind to the sialylated glycans, and this is assumed in the present paper, some care is required, because there are also non-sialylated glycans in human lungs on which viral binding could occur.

1.4. Most coronaviruses have "receptor destroying activity" {#sec1.4}
-----------------------------------------------------------

While it is binding of viruses to sialic acid glycan that is of interest here, it should be kept in mind that it is often associated with a catalytic activity in which the sialic acid glycan is the substrate. In influenza these two aspects are particularly distinct by being on separate surface proteins, the hemagglutinin and neuraminidase respectively, but that separation is not true of all viruses. Not surprisingly, as noted above, most coronaviruses of the coronaviridae family also have capabilities to bind to sialic acid glycans, but they also have the ability to cleave the glycans, which is often described by authors as a "receptor destroying activity". Like influenza C viruses, purified bovine coronavirus preparations have an esterase activity which inactivates O-acetylsialic acid-containing receptors on erythrocytes; diisopropyl fluorophosphate completely inhibited this receptor-destroying activity suggesting that the viral enzyme is in this case a serine esterase \[[@bib8]\]. This is believed to facilitate the spread of virus infection by removing receptor determinants from the surface of infected cells (see discussion below) and prevent the formation of virus aggregates. Another coronavirus, porcine transmissible gastroenteritis virus (TGEV) recognizes N-glycolylneuraminic acid. Nor does it depend on the sialic acid binding activity for infection of cultured cells, but interaction with sialoglycoconjugates appears to help the virus to pass through the sialic acid-rich mucus layer in the epithelium of the small intestine. Hemagglutinin-esterases are a family of viral envelope glycoproteins that mediate reversible attachment to *O*-acetylated sialic acids. These too are said to be receptor-destroying, but the enzymic activity reaction is in this case not a cleavage in the sense used concerning neuraminidase, but rather a change in molecular recognition by removal from of the acetyl group from the C9 position of the above acetylated neuraminic acid residues. The other and probably major reason for researchers thinking of these actions as "receptor destroying" is because the picture is a little more complex than just allowing entry and exit from the host cell. Because many viruses attain host cell specificity by being selective for particular types of sialic acid, these may occur as decoys to the virus on off-target host cells and on free molecules in the extracellular environment. To prevent irreversible binding to these decoys, many viruses including many coronaviruses have receptor-destroying enzymes that are therefore interesting targets for antiviral intervention, exemplified by the influenza A virus neuraminidase \[[@bib9]\].

1.5. Where are these important functions in SARS-CoV and SARS-CoV-2? {#sec1.5}
--------------------------------------------------------------------

Even though such glycan binding domains and enzymes as neuraminidases are found in many coronaviruses, there seems to be no such enzymes in SARS-CoV and SARS-CoV-2. Viruses of the lower respiratory tract, such as influenza virus, respiratory syncytial virus, and SARS-related coronaviruses, are generally considered as having key differences that require different therapeutics \[[@bib10]\] even though relatively little is lost in considering already approved drugs for one of such viruses against the other (e.g. Refs. \[[@bib11]\]). Typically, the apparent absence of glycan binding and enzymic sites in SARS-CoV and SARS-CoV-2 has been dismissed as due to the fact that the virus enters on ACE2, i.e. angiotensin converting enzyme type 2 (e.g. see Ref. \[[@bib5]\] for discussion), not on a glycoprotein. This does not, however, escape from the intuitively important need for preliminary binding, cell entry and exit through the glycan layer, and probably the decoy-related function discussed above. There appears to be growing evidence of significant lectin-binding capability. Lectins are the carbohydrate-binding proteins that are highly specific for sugar groups of other molecules. Activation of C-type lectin receptor and other similar receptors contributes to pro-inflammatory response to many coronavirus infections. There also are studies over several years that locate glycan binding and even related catalytic activities in the spike glycoprotein. It has been noted that E3 protein of bovine coronavirus is a receptor-destroying enzyme with acetylesterase activity \[[@bib8]\], and the 3D structure of coronavirus hemagglutinin-esterase offered insight into coronavirus and influenza virus evolution, with implications for drug and antibody discovery \[[@bib9]\].

The location of any sialic acid glycan binding region of SARS-CoV-2 is, *a priori* unclear, although intuitively (a) it would likely be associated with the cap or knob at the outer end of the spike protein, or (b) at least not involve exactly the same domain as is required for other important functions. Although throughout the coronaviruses various external proteins and domains can recognize either protein or sugar receptors or both, the majority of such studies like those above implicate the S1 region in their spike glycoproteins, but as discussed in the present paper, there are other potential sugar binding sites that are still within the spike protein. Overall, the SARS-CoV-2 spike glycoprotein has 1273 amino acid residues and until early 2020 understanding of structure was heavily based on SARS-CoV spike glycoprotein (1255 amino acids) with 20--27% amino acid residues similarity among non-SARS coronaviruses. Most of the spike protein appears to be involved in the specific stages of cell entry. The spike glycoprotein of SARS-CoV and SARS-CoV-2 is translated as a large polypeptide that is later cleaved to S1 and S2 sites. After binding to the main receptor that that is held to be primarily ACE2, the host proteases activate the virus by cleaving first at the S1/S2 boundary (i.e. S1/S2 site) and then within S2, i.e. at the S2' site. The spike of similar coronavirus have long been considered as being in two main states (i) the pre-fusion form (the form of the mature virion) and (ii) post-fusion form, the form after membrane fusion has been completed). More detailed studies have split the latter into a pre-hairpin intermediate state, and post-fusion hairpin state. Somewhat like in all virus Class I fusion proteins, the S2 protein contains two heptad repeat regions (HRs) of which one (HR2) is located close to the transmembrane anchor. Membrane fusion occurs when there is a conformational change in the HRs to form a fusion core. The HRs of the protein fold into a coiled-coil structure, known as the "fusogenic state". As virus and target cell membranes fuse, the coiled coil regions (called heptad repeats) become a trimer-of-hairpins structure. The S2' cleavage site appears particularly important by being well conserved \[[@bib3], [@bib4], [@bib5]\] and proteolysis by cathepsin appears sufficient to expose the fusion peptide of S2 and activate fusion within the host cell endosome. In general, S2' is now considered as the key viral fusion peptide which is unmasked following S2 cleavage. Subsequently, S1 dissociates from S2, allowing S2 to transition to the post-fusion structure.

The following locations in the sequences of amino acid residues apply specifically to SARS-CoV-2. These vary somewhat with author, and the following are used here. The signal peptide (SP) comprises residues 1--19. On the inside of the lipid membrane, the carboxyl terminus (C-terminus) is comprised of the transmembrane region (TM) comprising residues 1214--1236 and the cytoplasmic tail (CT) residues1237-1273. The extracellular domain of the spike glycoprotein is comprised of N-terminal domain (S1-NTD) comprising residues 20--286, and is of particular interest here. The host cell receptor binding domain (RBD) comprising residues 319--541. In summary the key regions are as follows.SP 1-19S1-NTD 20--286RBD 319-541S2 686-1213TM 1214-1236CT 1237-1273

[Fig. 1](#fig1){ref-type="fig"} shows the external part 20--1213 of the spike glycoprotein of SARS-CoV-2 in the closed state prior to ACE2 binding, with S1-NTD domain (the "ears", dark blue) of interest here, RBD (at tip, subdomains light blue, blue-green), S2 (subdomains, orange, green, yellow). The orange-white, green-white and yellow-white helical structures are the α-helices of the trimer that form the neck associated with S2, and the red-white helical structures are the start of the transmembrane α-helices TM.Fig. 1Spike protein of SARS-CoV-2 PDB entry 6VVX, showing S1-NTD domain (dark blue). See text in regard to the significance of the other colors.Fig. 1

1.6. The function of S1-NTD {#sec1.6}
---------------------------

In at least some coronaviruses, S1-NTD is known to be involved in binding host proteins or glycans, but coronaviruses show great diversity in their binding which presumably underlies their ability to jump between very different host species. While the role of S1-NTD Compared with the current reasonably detailed knowledge of the remarkable mechanism of cell entry involving ACE2 and changes to the spike protein on cleavage, the specific function of S1-NTD of SARS-CoV-2 has not been elucidated (at least, not by the time of writing in April 2020). As noted above, S1 in SARS-CoV-2 is now well known to have a region which is the receptor binding domain to human ACE2 but also, significantly for what follows in the text below, SARS-like coronaviruses can bind CLEC4M/DC-SIGNR C-type lectin domains on host cells. See Ref. \[[@bib12]\] for review of the diverse receptor recognition mechanisms of coronaviruses up to 2015, which represented the body of understanding until the COV-19 pandemic. Bovine coronavirus is an example of a coronavirus for which it seems clear that S1-NTD has an established glycan-binding function. Although the structure of a sugar-bound Bovine CoV S1-NTD was not available, some conclusions could be reached by researchers using structure-guided mutagenesis and comparisons with different coronaviruses. As well as evidence in 2008 linking hemagglutinin-esterase to the S1 domain of at least some coronaviruses \[[@bib9]\], Zhang and Yap \[[@bib13]\] had reported in 2004 a rational 3D model for S1 domain of SARS-CoV spike protein by fold recognition and molecular modeling techniques, and there they noted a suggestive structure similarity between S1 protein and influenza virus neuraminidase \[[@bib14]\]. This opened up the possibility for those authors that existing anti-influenza virus inhibitors and anti-neuraminidase antibody could be used as a starting point for designing anti-SARS drugs, vaccines and antibodies \[[@bib14]\].

Based on such observations and discussion so far, it is therefore reasonable to propose that S1-NTD could be important in the binding of certain alternative host cell surface receptors, or perhaps which aid in targeting the virus to ACE2, and so might provide a helpful therapeutic target (as well as candidate antigenic site for synthetic vaccine design). Nonetheless, such functions if present in SARS-CoV-2 could*, a priori*, reside in other domains at the virus surface. The challenge for research here is that the substantial knowledge concerning such matters in well-studied coronaviruses is not readily transferable. Variously throughout the coronaviruses, S1-NTD, CTD and S2 regions can recognize either protein or sugar receptors or both in various cases, and very similar coronavirus spike protein domains within the same genus may recognize different host cell receptors, while many very different coronaviruses may recognize the same host cell receptor. The studies mentioned above also suggested that at least some coronavirus S1-NTDs are evolutionarily related to human galectins, the term typically used for the lectins as carbohydrate-binding proteins that are specifically involved in inflammation, immune responses, cell migration, autophagy and signaling; however the viral domains derived from them have diverged with specificities for different sugar receptors \[[@bib12]\]. Further review is given throughout Results Section [4](#sec4){ref-type="sec"} where appropriate. Another challenge discussed in Results Section [4](#sec4){ref-type="sec"} is that key regions for which an experimental 3D structure would help resolve the matter are disordered, and hence invisible, in current available spike protein structures.

2. Theory {#sec2}
=========

Less familiar theoretical principles do arise in the knowledge gathering, inference, and prediction methods developed by the author and colleagues; they are used in the present COV-19 project as described in Ref. \[[@bib4]\]. They also include approaches to facilitate interaction with the standard bioinformatics web tools which are stated below in Methods Section [3](#sec3){ref-type="sec"}. However, while tools of these various kinds do speed and facilitate a project of this nature, the usual methods of investigating literature and accessing bioinformatics data bases and tool are sufficient for reproducibility of the work described in this paper, at least by researchers reasonably familiar with bioinformatics and protein structure. An algorithm for predicting the domains and proteins involved in sialic acid glycan binding is developed in the course of the project described in Results Section [4](#sec4){ref-type="sec"}, but this is primarily of a highly empirical nature. Future work to advance this algorithm on a sounder theoretical basis is underway. See brief discussion on future work in Discussion Section [5.1](#sec5.1){ref-type="sec"}, where some of the above-mentioned theoretical approaches of the author and colleagues, also to be used in the development of the algorithm, are cited.

3. Methods {#sec3}
==========

The overall approach comprised the following steps.i.Automated gathering of information from the World Wide Web regarding hemagglutinins, neuraminidases, and sugar binding proteins, particularly but not solely of viruses, using "autosurfing", natural language processing, and knowledge extraction techniques \[[@bib4]\]. Note that it is in particular non-covalent sialic acid glycan binding sites that are being explored, not for example asparagine or serine or threonine sites to which glycans are *covalently* linked. This knowledge gathering approach, as described in Refs. \[[@bib4]\], is not essential for reproducing the present work or for carrying out comparable studies, but it does greatly accelerate research and preparation of the scientific paper, allowing fast responses to a new epidemic \[[@bib3], [@bib4], [@bib5]\].ii.Attempted discovery of continuous short sequences of amino acid residues (potential "sequence motifs") with patterns and amino acid content common to SARS-CoV-2 spike protein amino acid sequences and hemagglutinins and neuraminidases, particularly those of influenza viruses. Also, more generally, in preparative work, comparison of the spike protein sequence of the spike protein with sialic acid glycan binding proteins and other sugar binding proteins, or domains of them. Protein sequences or parts of them used as input for any part of the study were obtained from GenBank <https://www.ncbi.nlm.nih.gov/genbank/>. The standard method of bioinformatics used for detecting in large protein sequence databases any amino acid residue sequences similar to those of an input sequence was primarily BLASTp at <https://blast.ncbi.nlm.nih.gov/>Blast.cgi. The standard tool for a more formal and typically multi-sequence alignment was Clustal Omega at <https://www.ebi.ac.uk/>Tools/msa/clustalo/. These tools can be automatically accessed by the present author\'s methods \[[@bib4]\] but again that is not essential for reproducibility of the present work.iii.Examination of patterns in potential or known short subsequences in small proteins or domains known to have a function involving non-covalent sialic acid binding and, in absence of any clear patterns, study of the amino acid content of the subsequences. This established a preliminary sialic acid glycan binding score (SABS) for the twenty naturally occurring amino acid residues. However, the short subsequences identified were to be considered as "signals" or "fingerprints" for sialic acid glycan binding domains as a whole. That is, direct contact with sialic acid was not necessarily at (or solely at) the specific short subsequence, for reasons discussed in Results Section [4](#sec4){ref-type="sec"}. This, plus a sequence rather than three dimensional structure perspective, and a specific focus on binding sialic acid glycans rather than sugars in general, resulted in a substantial difference in scores from another major method of predicting sugar binding regions of proteins also discussed later below.iv.Development of the above as an algorithm SABR-P for identifying potential small proteins or domains of proteins that non-covalently bind sialic acid glycans, by predictions on a test data set of protein sequences. As noted above the subsequences predicted are taken to indicate the glycan binding domain as a whole, not necessarily the sialic acid sites *per se*, but they may be. This approach involved noting true positive and negative predictions and false positives and negative predictions so as to optimize sensitivity and specificity. This was done specifically in regard to non-covalent binding of sialic acid glycans. In other words, it was done so as to distinguished sialic acid glycan binding domains not only from those domains known not to bind sugars but also from those that bind sugars and glycans that do not contain sialic acid.v.Examination of the three dimensional structures of regions of the regions of the SARS-CoV-2 spike protein predicted as binding sialic acid glycans to propose and locate a sialic acid binding function of SARS-CoV-2 (possibly but not necessarily associated with some kind of enzymic activity).

Results and discussion in the present paper used the same amino acid codes as the above tools and data bank use, i.e. the IUPAC (International Union of Pure and Applied Chemistry) one letter amino acid codes, given in [Table 1](#tbl1){ref-type="table"} below. For completeness, conservative replacements in column 3 of [Table 1](#tbl1){ref-type="table"} are given. They relate largely to substitutions that can usefully be made in the design of synthetic peptides \[[@bib4],[@bib5]\]. This is an application which is not specifically discussed in the present paper but which could be a basis for design of synthetic vaccines and preventative or therapeutic agents \[[@bib4],[@bib5]\], in this case targeted at sialic acid glycan binding site of a virus. As discussed in the sequence of steps for the methodology above, the sialic acid glycan binding motifs are taken to be indicators of the sialic acid binding domain and not necessarily of the target sites *per se*, but they may be, and often are, potential target sites. The list of conservative replacements also remains useful for considering substitutions that are conservative in maintaining similar amino acid properties when detecting and comparing related sequences.Table 1One letter amino acid codes and sialic acid site binding region measures discussed in the text.Table 1One letter codeAmino acidConservative replacementsPreliminary sialic acid binding amino acid score SABS (see Results)SABR-P prediction method refined parameters (see Results)AalanineA, E, S, T11Ccysteine/cystineS, T, V11Daspartic acidE11Eglutamic acidA, D00FphenylalanineM, W, Y12GglycineN, P11HhistidineK, R12IisoleucineL, V00KlysineH, R00LleucineI, V00MmethionineF, W, Y00NasparagineG, D, Q11PprolineG00QglutamineN, E00RarginineH, K00SserineA, T11TthreonineA, I, S11VvalineA, I, L00WtryptophanF, M, Y24YtyrosineF. M, W12

Since for both reasons they be useful in deeper consideration of many results in the present paper, some comment may be useful to researchers less familiar with bioinformatics. See Ref. \[[@bib4]\] for a further account. Note that the work of considering what is a conservative replacement is done automatically by the standard bioinformatics tools used. The replacements in [Table 1](#tbl1){ref-type="table"} are consistent with the conservative replacement rules implied by the tables of weights implemented automatically in BLASTp and Clustal Omega mentioned above, which are discussed at those sites. However, the original intent as an application to peptide design means that in [Table 1](#tbl1){ref-type="table"} there is a degree of asymmetry based on the author\'s experience in peptide design \[[@bib4]\] because one is going from a natural protein state to less natural one without evolution making compensatory changes in the rest of the protein or system. For example, empirical studies show that serine (S) can be replaced by alanine (A) or threonine (T) but it is frequently important that a replacement to threonine should be isoleucine (I) in order to retain stability of a β-pleated sheet in which they occur. Strictly speaking, these are just fairly crude rules-of-thumb: the best replacements are dependent on more specific circumstances and detailed conformational and binding calculations. The assignment in [Table 1](#tbl1){ref-type="table"} are not seen as controversial because apart from the asymmetry they relate to the "interchangability" or "alternative rule" of amino acid residues by many authors that are intended as universal, i.e. intended to apply to all proteins. This is because they relate to similarity of amino acid residues in terms of physicochemical, conformational, as well as biological properties of many sequences that are at least universal to, say, vertebrates. However, they are historically more directly empirically based on well-known studies probabilities of amino acid differences found by comparing amino acid residue sequences amongst fairly related proteins from a wide range of sets of different proteins, such that one is comparing sequences of hemoglobins, or of lysozymes, or of cytochromes C, and so on.

As is to some extent customary in the field, *three letter* codes (such as GLY for glycine) are used for the amino acids in the molecular graphics figures; these codes are fairly self-evident at least in the direction of deducing the full name of the amino acid being represented. There was also use of data and the associated graphics tools in the Protein Data Bank (PDB) at <https://www.rcsb.org/>and in Japan <https://pdbj.org/>which was used for [Fig. 1](#fig1){ref-type="fig"}.

Energy calculations by the author\'s own KRUNCH and by a commercial Sculpt protein modeling package were used in Ref. \[[@bib4]\], but were not required for the present study, with the exception that some calculations by these tools were used to obtain earlier unpublished results on sugar binding to amino acid residue sidechains. This provided a check on the preliminary sialic acid binding capability shown in column 4 of [Table 1](#tbl1){ref-type="table"}, used initially in the present paper. KRUNCH is a molecular mechanics modeling package that essentially functions like many standard molecular modeling packages. There is the arguable exception that it gives much more attention than usual to novel algorithms for navigating through multiple energy minima and discovering new conformers, but that capability did not appear to be too important in the present study. For the much greater part, however, these binding assessments were based on the amino acid residues observed by the author in sequences involved in sugar binding sites in proteins (found by visual examination of binding sites of entries in the PDB) and similar qualitative observations by other authors. That is, they also reflect rather general opinion of what amino acids are involved in sugar binding and in its most general formulation this intuitively comprises aromatic residues, and hydrogen bonding residues to interact with the sugar hydroxyl groups. At the outset, as a starting point only, column 4 of [Table 1](#tbl1){ref-type="table"} of these preliminary sialic acid binding amino acid scores (SABS) are really assignments that are qualitative, using 0 for not often present in sialic acid glycan binding sites and 1 for often present,. However, tryptophan was assigned a double score of 2 reflecting its larger size and double ring. How reliable these assignments are in regard to sialic acid glycan binding is what is assessed on a more objective basis by the prediction method developed in this paper, including a degree of recalibration. The marginally modified parameters are also shown in the last column [Table 1](#tbl1){ref-type="table"} for convenience of comparison. While as a methodological strategy it was tempting to start from an alternative more objective and established approach discussed in Results Section [4](#sec4){ref-type="sec"}, or at least to use it as a starting point or as an important "gold standard" for comparison, it has substantially different aims.

4. Results {#sec4}
==========

4.1. Putative sugar binding sites in the SARS-CoV-2 spike glycoprotein S1-NTD domain deduced on the basis of alignments {#sec4.1}
-----------------------------------------------------------------------------------------------------------------------

As a first step in an investigation making use of bioinformatics, a common strategy is the use of protein sequence alignments so that a functional part that is known in one protein might suggest an analogous functional part in another. As discussed here, this approach has proven somewhat less successful for sialic acid glycan binding sites than for other functions considered elsewhere (e.g. Refs. \[[@bib3], [@bib4], [@bib5]\]), and necessitated development of alternative techniques of which discussion occupies the major part of this paper, but the results are consistent and to some degree suportive. As the basis of discussion and starting point for the present study, the following is a SARS-CoV-2 spike protein sequence in which the S1-NTD is shown in italics. The short section of sequence underline emerges below as of particular, but by no means sole, interest.Image 2

More subtle computational techniques based on protein conformation have in this project suggested relationships between SARS-CoV and hemagglutinins and neuraminidases of other viruses, but they essentially support prior work. Recall that Zhang and Yap \[[@bib13]\] noted a suggestive structure similarity between SARS-CoV S1 and influenza virus neuraminidase. Using various computational techniques they compared the 3D structure of SARS-CoV S1 Protein Data Bank 3D structures 1INY (neuraminidase from influenza A virus complexed with a sialic acid phosphonate analogue inhibitor) and 1B9T (neuraminidase from influenza B virus with novel aromatic inhibitors). This observation does not necessarily suggest by itself a common function, because many protein folding patterns are used by nature for diverse purposes, but armed with that information a more careful use of sequence alignment is helpful. The following part of a Clustal omega sequence alignment done in the present study also includes the hemagglutinin esterase sites in E3 of the bovine coronavirus \[[@bib8]\] (E3-CoV-Q14EB1.1 below) and that studied by Zeng et al. \[[@bib9]\] (Hem-est-CoV-3CL5 below). Substrate binding residues in deduced for SARS-CoV S1 by Zhan and Yap \[[@bib13]\] are shown by \#. Image 3

The situation is of course not clear when the degree of amino acid residue match between sequences is poor because similarities can arise by chance, but aligning more sequences can be insightful, and in this case including influenza A and B sequences seemed particularly helpful. Although still barely conserved compared with the motifs in the current project (published \[[@bib4],[@bib5]\], submitted, or under investigation) the most plausible match for further study is at SSSGWTAGAAAYY of SARScoV2-S-MN908947.3, because others would include at least one extensive deletion areas from one protein. Including influenza A and B sequences interferes with much of the alignment but it does preserve the above match.Image 4

This preserved match region also places the notable tryptophan (W) within short distance of alignment in the second subsequence corresponding to the Zhan-Yap binding site, but in procedures of this kind it is important to establish that such features are not simply artifacts of the particular sequences included. The essential features of the above alignments at the binding site are not perturbed by removing the influenza neuraminidases which provided a basis for the Zhan-Yap catalytic regions, as follows.Image 5

4.2. Sialic acid binding residues {#sec4.2}
---------------------------------

Alignment studies like those above are helpful in forming initial hypotheses, but they are clearly not convincing by themselves when the degrees of match between aligned residues is weak; however, it is possible that the actual composition in terms of amino acids in the subsequence and potential motif of interest is more important than their actual order in that subsequence. Based on many studies exemplified by the above, it was noted that tryptophan is a recurrent, albeit not absolutely essential, feature of sugar binding including sialic acids. References to that also recur throughout the biochemical literature. For example, see e.g. Ref. \[[@bib14]\], and also [Fig. 2](#fig2){ref-type="fig"} shows the tryptophan interaction with and sialic acid in the Influenza Virus B neuraminidase (PDB Entry 2BAT). As might be expected by their similar aromatic character, the alternative amino acid residues as sugar binders, and residues frequently supporting tryptophan in the binding site, tend to be aromatic sidechains, notably tyrosine (Y), sometimes phenylalanine (F) and also histidine (H). A preliminary survey of sequence motif patterns in sugar binding proteins suggests that invariant amino acid residues across a family of proteins tend be one or more of the above residues supported by negatively charged aspartate (D), asparagine (N), serine (S), threonine (T) glycine (G) and sometimes alanine (A) that provide the hydrogen bonding. However, particularly in regard to the non-aromatic residues, the binding of acidic and non-acidic sugars should probably be distinguished. As discussed later below, charged amino acid residues glutamate (E), arginine (R), and lysine (K) also frequently make intimate contact with sialic acids but that is in three dimensions, not together in a subsequence. A likely relevant observation was that the first set of amino acid residues (the set containing aspartate) and binding sialic acids tended to occur in a subsequence that adopted a local loop conformation, while the second set (that containing glutamate) were frequently associated with α-helices and particularly their termini. However, this was an empirical and qualitative observation regarding a tendency, and a more objective quantification of the importance of the aspartate set is the purpose of the prediction algorithm developed below. Three dimensional considerations, however, give insight and sometimes explain why influences can be somewhat indirect. Hydrogen bonding that occurs between the hydroxyl groups of carbohydrate ligands and polar amino acid residues at the binding site is typically supported by water-mediated hydrogen bonding networks in which serine and threonine are fairly commonly involved. Nonetheless, the most outstanding feature of carbohydrate binding sites from a three dimensional perspective would appear to be the position and orientation of tryptophan (W), tyrosine (Y), and/or phenylalanine (F), which usually provide a hydrophobic plate for close interaction with the planar face of sugar rings, an interaction resembling hydrophobic stacking interactions, as in [Fig. 2](#fig2){ref-type="fig"}. The importance of these and to some extent of histidine (H) in a sequence motif seems reasonable.Fig. 2The influenza virus B neuraminidase tryptophan interaction with and sialic Acid(PDB entry 2BAT).Fig. 2

Along with the occasional appearance of cysteine (C), sometimes as a serine (S) and particularly a threonine (T) substitution, the residues mentioned above can be used as the basis of a preliminary and essentially qualitative model for assessment of sugar binding as given column 4 of [Table 1](#tbl1){ref-type="table"}. Often a valine (V) substitution was seen in potential glycan binding sites, although this was not significantly supported by the optimization of the predictive technique described below. However, glycans containing sialic acids appear to bind somewhat differently to other sugars. Taking this as a hypothesis and focusing on these, protein sites for binding them may have a variety of affinities for different subtypes. For example, all influenza A virus strains critically depend on sialic acid to bind to host cells and the different forms of sialic acids all show different affinities that change with influenza A virus variety, important because it determines which species can be infected. There has also been very relevant work that can complicate the details of what can be meant by, for example, "sugar binding motif". Indeed, Zhang and Yap \[[@bib13]\] themselves noted that tryptophan was frequently involved in strong protein fold interactions that stabilized the sugar binding domain fold, yet lacked any direct interactions with sugars. In the influenza neuraminidase they comprised three pairs of main chain-side chain interactions: tryptophan (W) 171 (donor) and phenylalanine (F) 179 (acceptor), alanine (A) 210 (donor) and phenylalanine (F) 29 (acceptor), leucine(L) 209 (donor) and tryptophan (W) 171 (acceptor). For example, tryptophan accepted one N--H⋯π bond from Leucine (L) 209 and donates one N--H⋯π bond to phenylalanine 179. It is possible that the aromatic residues could be induced to be more exposed in certain types of binding, but the above interactions appeared to stabilize the structure of S1 fold motif while reducing the active site cavity for ligand binding \[[@bib13]\].

4.3. More detailed analysis of the importance of tryptophan {#sec4.3}
-----------------------------------------------------------

Features of sialic acid glycan binding regions represented by a run of amino acid residues have diverse sequence patterns, but evidently the simple presence of the above residues in a section of sequence is itself a strong signal feature; this seems particularly so for tryptophan. To examine this further, many sequence alignments were examined that relate to role of the aromatic amino acids and the contribution of tryptophan to known or suspected sialic acid glycan binding, and these were investigated in a more quantitative way. For example, the following represent a summary of influenza subsequences that contain tryptophan. With it is associated the preliminary, essentially qualitative sialic acid binding residue score (SAB-S) discussed above and based on observation of multiple sugar binding sites and literature survey, to each of the amino acids mentioned above. At this stage, there is no significant algorithm except that the sum of scores over the residues in the short sequence is divided by the number of residues (mostly 16 or 17) so that it expressed on an averaged, per residue, basis for that sequence. Recall that it is qualitative that the amino acid residues are given a score of 1 (and 0 otherwise), except that tryptophan is given an extra weight of 2. In many cases the sidechain is involved, especially for the aromatic residues, but this not obligatory: it could be a backbone interaction (as is necessary for glycine (G) that lacks a sidechain). This is the "qualitative" model that was shown in [Table 1](#tbl1){ref-type="table"}, which will be extended to the SABR-P method later below. There is in the following an attempt at local alignment to highlight similar features because there is often some indication that a motif is reused even within a protein, although that assertion is not required for present purposes. The sum of score is divided by the sequence length that excludes relative deletions '-'.Image 6

Many hemaglutanin and neuraminidase matches were found with SSSGWTAGAAAYY using BLASTp, the top 100 varying from 64% match and 63% identities that preserve the tryptophan, such as hemagglutinin Influenza A virus, GenBank AXB35920.1 SSGW\--GAVN, and neuraminidase, Influenza A virus AFK13818.1 SGW\-\-\--AAY, and neuraminidase, Influenza A virus ANZ90284.1, SSAWSASA. Looking at the larger sequence context, 95% of these scored over 0.75 on the above system. However, *nucleocapsid* proteins of Influenza A virus such as sequence QIQ4588 with SG-TAGAA and AAZ08011.1 as STSG-AAGAA also appear in the top 100 matches along with the above and with comparable scores, but with one obvious and significant difference, that the tryptophan (W) is missing.

The possible importance of tryptophan in binding in SARS-CoV-2 is exemplified in the following sequence of the SARS-CoV-2 S1-NTD section of the spike glycoprotein (including the signal peptide, in order to conserve standard numbering). The sequence is from the S1-NTD of SARS-CoV-2 GenBank entry MN908947.3, along with a brief description of accessibility in PDB entry 6VVX, which is for the spike protein in the closed state.Image 7

Here, "disord." means a disordered (flexible) loop: the tryptophan (W) and adjacent residues are not seen in the experimental 3D structure determination 6VVX. This is also true of PDB entry 6VSB the spike protein in the open state, 6VYB and other SARS-CoV-2 accessible to the author at the time of writing. See [Fig. 3](#fig3){ref-type="fig"} . The fact that disordered suggest an open loop like structure that be may be capable of binding to, and perhaps adjusting to, disordered targets, and certainly does not prohibit functional significance.Fig. 3S1-NTD (PDB [6VXX](pdb:6VXX){#intref0065}) Showing Residues at Boundaries of Invisible (Disordered) Segments and the Location of the Two Visible Tryptophan (TRP) Residues. These are the last visible residues of the non-disordered region bounding a disordered region, and this figure shows how the missing sections result in "cut ends" in displays of the reported three dimensional structure.Fig. 3

The following summary [Table 2](#tbl2){ref-type="table"} has comments on the status of exposure of the tryptophan and surrounding residues, and on the involvement in binding based on alignments with the Zhang-Yap analysis.Table 2Sialic acid binding scores and surface exposure of tryptophan -containing subsequences.Table 2SubsequenceProteinGenBank or PDB entryScoreExperimental observation or exposure suggested by structural analogyFFSNVTWFHAIHVSGTNSARS-CoV-2 S1-NTDMN908947.30.88Tryptophan exposedFYSNVTGFHTIHTFGNPSARS-CoV S1-NTDNP_828851.10.82Site aligning with above, no tryptophan, exposedSNIIRGWIFGTTLDSKTSARS-CoV\
S1-NTDMN908947.30.71Example of buried Tryptophan, but possibly accessible at base of cleftHDGGKTWHSAATAIYCAneuraminidase Influenza BPDB 1NSB0.94Tryptophan exposedEGKQGNFKNLREFVFKNSARS-CoV-2 S1-NTDMN908947.30.47Aligns with a Zhang-Yap binding siteSEKSGNFKHLREFVFKNSARS-CoV\
S1-NTDNP_828851.10.53Aligns with a Zhang-Yap binding siteKAGNSIFRSFHFTDFYNHemagglutinin esterasePDB 3CL50.88Aligns with a Zhang-Yap binding siteSAGDSIFKSYHFTRFYNCoV - E3PDB 4EB1.10.82Aligns with a Zhang-Yap binding siteGDSSSGWTAGAAAYYVGSARS-CoV-2MN908947.30.94Aligns with a Zhang-Yap binding siteSPAQDIWGTSAAAYFVGSARS-CoBNP_828851.10.82Aligns with a Zhang-Yap binding siteSGSNDIWMQNKGLFYTQHemagglutinin esterasePDB 3CL50.71Aligns with Zhang-Yap binding siteNGSNDVWIFNKVRFYRACoV - E3Q14EB1.10.71Aligns with Zhang-Yap binding site

4.4. Development of a simple algorithm for prediction of sialic acid binding domains {#sec4.4}
------------------------------------------------------------------------------------

Evidently the above is not perfect as a basis for a prediction method, and the next step in this study required more detailed considerations. it also required a more comprehensive analysis of predictive capability that allows for false positives and false negatives. The method developed here takes account of the above results in the light of several pieces of experimental and theoretical evidence, which is usefully briefly reviewed at this point in the narrative. Several kinds of evidence were taken into account in development of SABR-P, the Sialic Acid Binding Region Prediction. The emerging principles used, not all of which are immediately intuitive, are argued as follows so that they may help researchers develop improved versions.(i)*The method specifically concerns predicting regions that interact with glycans containing sialic acid residues.* The development of the method started with the qualitative sialic acid binding region SABS score in [Table 1](#tbl1){ref-type="table"} and used in preliminary studies above. Other prediction methods such as that discussed below also address sugars or oligoscharrides in general. Recall, however, that even the sialic acid components comprise a fairly diverse family of sugar types (see Introduction Section [1.3](#sec1.3){ref-type="sec"}). Also, while described as a Sialic Acid Binding Region Prediction, and this is believed to be the naturally emerging emphasis, it is formally the binding to glycans that contain sialic acids that matters.(ii)*The emphasis is also on binding, not catalysis.* The method is not specifically concerned with catalytic amino acid residues involved in neurominidase action (nor any other activity of cleaving modifying the glycan to reduce virus binding, e.g. esterases, deacetylases). While evidence of neuraminidase activity in SARS-CoV-2 would be very important, the current evidence is that focus should be on sialic acid binding. This is because of lack of any strong evidence for such enzymic activities at the time of writing, and also because neuraminidase inhibitors approved as dugs, Oseltamivir (Tamiflu), and Zanamivir (Relenza) have been tested on SARS-CoV-2 *in vitro* and were not found effective \[[@bib15]\]. It is nonetheless the binding of the appropriate glycans containing sialic acid that may still be important for SARS-CoV and SARS-CoV-2 infection *in vivo*, as it is for other viruses \[[@bib16]\]. The fact that other viruses, including other coronaviruses, require that function, followed by any demonstration that SARS-CoV and SARS-CoV-2 still possess that function, would suggest that it could still be a target for pharmaceutical drug development, at least as a preventative. This argument is not unique in its general form. For example, Fantani and colleagues believe that the SARS-CoV-2 also uses sialic acids linked to host cell surface gangliosides to somehow facilitate host cell entry and so could represent a therepeutic target \[[@bib17]\].(iii)*The method seeks to predict whole domains and proteins that bind sialic acid, not specific short sequence motifs.* That is the case even though the predictions assign a sialic acid binding score to each residue in the domain or protein, which can of course still be inspected as of potential involvement in direct binding. The threshold and scale of the SABR-P prediction method is set such that any residue (in practice it is almost always a continuous run of residues) with a sialic acid binding score of more than 100 signals that the whole domain or protein, whichever was provided as the whole sequence in input, is a binding module for glycans containing sialic acid. There are several reasons for using this as a marker of a domain or protein of interest. One is that the binding is to the whole glycan as an oligosaccharide or polysaccharide, not necessarily the sialic acid components *per se*, and therefore the ligand is a large structure that could involve several binding sites. Recall that tryptophan was found to be frequently involved in strong protein fold interactions that stabilized the sugar binding domain fold, yet were lacking any direct interactions with sugars and even buried \[[@bib13]\]. There are at least somewhere between 10 and 100 amino acid residue sequence motifs known to be associated with sugar binding in general, and they fall into some 7 fold motifs \[[@bib18]\]. Also, as the function of sialic acid recognition may be to guide the virus to and across the host cell surface \[[@bib17]\], sites on the virus that enable this motility and hunt out points for catalysis or simply the strong binding appear to be as important as key strong binding and catalytic sites themselves (e.g. Ref. \[[@bib18]\]). In addition, predictions of localized regions of proteins as sugar binding sites are naturally not as good as those based on predicting that a whole domain or protein is involved in sugar binding, but such a prediction remains valuable and indeed well suited to the present study. In a particularly detailed investigation by Taroni et al., analysis of the characteristic properties of sugar binding sites was performed on a set of 19 sugar binding proteins \[[@bib19]\]. Their prediction was optimized on a training set of 19 non-homologous carbohydrate binding structures and tested on a test set of 40 protein--carbohydrate complexes. The thoroughness of that study and the inclusion of many kinds of information would make it a reasonable choice of "gold standard" for comparison, except that the aims were substantially different, and the overall accuracy of prediction achieved was only 65%. It is true nonetheless that results were very good for carbohydrate-binding enzymes as opposed to lectins, with a rate of success of 87%. This emphasis on enzyme catalytic sites again argues for avoiding the use of this kind of approach in the present paper, as covered by point (i) above. In summary, it may be that a large domain or protein that has strong signals for sialic acid binding may be indicative of a sialic acid binding and/or catalytic function even if a specific short subsection of the sequence predicted as binding sialic acids is not in the position for which a strong binding or catalysis has been observed.(iv)*The prediction is nonetheless based on sequences and scores for residues in continuous subsequences.* Only the sequence is considered in the method, not residues brought together by the folding of the protein in space. Most prediction methods for predicting sugar binding such as the example of Taroni et al. \[[@bib19]\] discussed above are not based on sequence and the sugar-binding propensity of amino acids in short segments alone, but on regions on a protein surface that require account of 3D structural information, analogous to "discontinuous" epitopes or "discontinuous determinants" of a pathogen protein in the study of immune response and in synthetic vaccine design. This kind of approach was abandoned in the present study not just because it took away the emphasis on the binding functions of whole domains or proteins but most importantly because many of the sites of particular interest are in disordered regions, or otherwise invisible in the available experimental 3D structure, as discussed later below. It might even be that a degree of disorder is important for binding some sugars. Also and not least, 3D structural information is not always available.(v)*Glycophilicty parameters for amino acid residues or sequence patterns as obtained by other workers were not used.* This is particularly because, the aims, i.e. what things are wanted to be known, are usually very different in these methods. Although Taroni et al. showed that out of 6 partially parameters partially dependent on 3D information the sugar binding propensities of certain amino acids was prominent in having discriminatory power, this was in regard to the tendency for being in putative a sugar binding patch compared with protein surfaces in general (requiring ordered conformation and experimental information about it). At the same time, it still concerns a specific region of a kind rather than predictions of domain or proteins as sugar binding as a whole. Perhaps most importantly these studies were concerned with binding sugars in general (not specifically sialic acids). Not surprisingly, therefore, the amino acid residue propensities have no significant overall correlation with the propensities in [Table 1](#tbl1){ref-type="table"} used and developed in the present paper. Notably, alanine (A), serine (S), threonine (T) and cysteine (C) have a propensity against sugar binding in their approach. There is nonetheless the significant exception that tryptophan (W) is the strongest in both that and the present study.(vi)*A simple predictive model was developed based on optimized parameters.* If a simpler method works as well as a more rigorous approach, it can sometimes provide insight and help build even better rigorous approaches. The method used in the present case was initially based on the GOR method \[[@bib20]\] for protein secondary structure prediction in which sialic acid glycan binding state of residues replaced α-helix, β-sheet, and coil (or loop) states of residues. However, it was found that the results were essentially reproduced by a simpler model. This is primarily because the directional effects (in terms of N-terminal direction or C-terminal direction along the amino acid residue sequence) was found to be equivalent (i.e., symmetrical) and to persist for some 8 residues in both directions, very like the influence of alanine on α-helix formation in the GOR method \[[@bib20]\]. Consequently the final method used in the present study consisted of just two changes to that used in previous Results Section [4.3](#sec4.3){ref-type="sec"} above, the second being described in point (vii) below. The qualitative scores as parameters to types of amino acid residue as shown in [Table 1](#tbl1){ref-type="table"} were based on visual observations by the present author and a survey of sites in the literature, and this was improved by optimization on essentially the same set of proteins examined. The 20 amino acids were initially assigned the qualitative parameters of [Table 1](#tbl1){ref-type="table"}, then these 20 parameters were optimized to optimize sialic acid glycan binding predictions as positive for 20 sialic acid glycan binding proteins, and negative for 10 proteins not considered as binding sugars, and 10 proteins such as lectins that bind other sugars that do not contain sialic acids. This gave as before glycine (G), alanine (A) aspartate (D), asparagine (N), serine (S), threonine (T), cystine/cysteine (C) each with a score of 1, and the rest assigned 0, except for tyrosine (Y phenylalanine (F) and histidine (H) that were now assigned larger parameter values of 2 and tryptophan (W) that was assigned a larger parameter value of 4.(vii)*Parameters describing directional influences of amino acid residues were modeled in a simple way.* In part this is a response to the above point that the directional effects (in terms of N-terminal direction or C-terminal direction along the amino acid residue sequence) are symmetrical, but more specifically the essential features of the interactions between neighboring residues can be deduced from parameters like those in [Table 1](#tbl1){ref-type="table"} in much the same way as the shape of an equilateral triangle standing on its base can be deduced from its height. As well as using new parameters, the initial score for a particular residue was computed in the same way as that for the whole segment of 17 residues in Section [4.3](#sec4.3){ref-type="sec"}, but was specifically considered as associated with the central residue, and the sum was retained as that sum rather than the overall score being averaged by the number of residues in the segment. Deletions to consider alignments of segments were not applied in the SABR-P method. The above sum associated with each central, i.e. 9th, residue, was then averaged over the corresponding sums from the residues up to 8 away on the N-terminal direction up to 8 residues in the C-terminal direction. This was done for every residue in the input sequence. It formally models parameters describing the directional characteristics of different types of amino acid residue, albeit in a highly empirical way. However, it is simply analogous to a smoothing of the propensity plot for residues along the overall input sequence.(viii)*Plot scaling was applied to produce a convenient decision threshold.* An appropriate height scale of the plot, in which a residue with a score of over 100 would be considered as the whole input sequence indicative of a sialic acid residue binding domain or protein, was obtained by an empirical pseudo-normalization consisting of dividing each residue score by 300. Whenever the final results by SABR-P are expressed as a percentage-like score by multiplying all residue scores on the plot by 100, this is of course equivalent to dividing by 3. On that percentage basis, there seems no benefit it describing scores more accurately than to the nearest integer.

In summary, the essential features of the simple resulting algorithm are as follows.(1)*Residue Binding Parameter Assignment.* Examine every residue in the sequence and assign it the parameter 0,1,2,3, or 4 of the SABR-P prediction method refined parameter (last column of [Table 1](#tbl1){ref-type="table"}).(2)*Basic Motif Score.* For each residue number i, obtain a score by summing over the run of 17 residues of which i is the central (9th) residue and assign the resulting sum (the score) to each residue i (providing that a residue numbers i-8, i-7 etc. up to i+8 lies within the sequence).(3)*Smoothed Motif Score.* Smooth the implied plot of scores to model a directional information effect characteristic of secondary structure prediction \[[@bib20]\] by repeating step (2) with the resulting scores, but do not add the basic motif score for each residue i to itself. More specifically stated, examine the above basic motif score for each ith residue from i = 1 to end of sequence in turn, and add it to the score of the residue at i-8, i-7, etc up to i-1, and to the score of the residue i+1, i+2, etc. up to i+8 (providing that the residue numbers i-8 etc. lie within the sequence).(4)*Normalized Score as SABR-P propensity.* Examine each smoothed score resulting from the above for each residue i, and divide by 300. This is the current value of the optimized normalization parameter that sets the threshold as 100 after multiplying by 100, above which sialic acid glycan binding is predicted.(5)*Reporting.* The normalized score (SABR-P propensity) is plotted as a function of residue number from 1 to end of the sequence, i.e. as a "SABR-P propensity plot". The actual predictions are also written out separately as text and these report only the amino acid residue (as G, A, V, etc.) along with the score, for those residues for which the normalized scores exceed 100. Particularly because of step (3), these will tend to occur conveniently in runs of approximately 8--18 contiguous residues, but sometimes shorter. In the present study the normalized score was formalized as a simple measure by rounding to the nearest integer prior to reporting, though this made no significant difference in the present paper.

This simple approach will be better developed as a GOR-like method, but for present purposes it suffices to give an estimate of the likely sialic acid glycan binding domains on the spike protein and proceed with further investigations and results described below. At the above optimized threshold, this the example SABR-P propensity plots shown in [Fig. 4](#fig4){ref-type="fig"} . The initial studies using a random selection (more correctly stated, an arbitrary selection) of proteins except that a predominance of sialic acid or sialic acid glycan binding proteins were sought, the method initially gave 18 true positives out of 20 proteins representing group A, i.e. those that are known to bind sialic acids or glycan molecules containing them, 10 true negatives for prediction of the above same kind of sialic acid binding out of group B, i.e. 10 proteins believed *not* to bind any kinds of sugars significantly, and 6 true negatives for the 10 proteins comprising group C, i.e. proteins that bind sugars but not those containing sialic acids, and so representing the biggest challenge. This initial result represented 85% accuracy, 82% sensitivity, and 80% specificity, a reasonable preliminary result for such a simple model. Note that there were initially no false negatives for those proteins not believed to bind any kinds of sugars, so a specific search for at least one case of a false negative (discussed below), which is strictly speaking a bias, dropped the prediction quality to 83% accuracy, sensitivity 82%, and 76% specificity. A recent number of further studies exemplified in the discussion below were also, strictly speaking, a bias including comparisons between weakly homologous proteins, extended the sample to 80 proteins and reproduced the original quality to within the nearest percentage: 85% accuracy, 82% sensitivity, and 80% specificity.Fig. 4Examples of Prediction of Sialic Acid Binding Sites by SABR-P.In each case, the abscissa (x axis) is the distance along the sequence (residue number) and the ordinate (y axis) is the predicted sialic acid glycan binding propensity. Scores above a threshold of 100 (red line) for any residues are taken as a prediction that the domain or protein binds sialic acid glycans.Fig. 4

At this stage of the present project the predictive method was only required to give approximate results as guidelines as to the regions the spike protein that might be further examined for sialic acid glycan binding capability, but the method appears promising and justifies some further comments and some further exploratory investigation, as follows.

4.5. Predictions of group a proteins {#sec4.5}
------------------------------------

In group A, proteins being tested are believed to be able to accommodate sialic acid, sialic acid glycan, and related compounds by non-covalent binding. Predicted correctly, these would represent the true positives, but predicted incorrectly, they would represent false negatives. Such proteins include various hemagglutinins such as that of influenza A at GenBank CAA24291.1.Image 8

It also included various neuraminidases such as influenza A in GenBank entry AAL60438.1 with the following predicted subsequence.Image 9

Another example is human neuraminidase (GenBank entry CAB41449.1).Image 10

Generally arbitrarily selected neuraminidases and hemagglutinins are true positives but the above kind of pattern, a segment of approximately 9--23 residues with a score exceeding 100 and centered on tryptophan with the peak score, is not universal. Sometimes it is another hydrophobic residue. In a "haemaglutinin repeat-containing protein" of a yet to be fully classified micororganism *Candidatus Kentron* a tryptophan (W) with a score of 118 is slightly displaced from the central peak of 119 associated with a run of three glycines (G). It is two glutamate residues (E), negatively charged that are in the vicinity in the sequence that appear to perturb the usual central role of tryptophan. Similarly, a rat neuraminidase is of some interest in that the predicted sequence SLDHGHTW surrounds the glycine (G) with peak score 106 and terminates at tryptophan (W) with a score of 102. The tryptophan is, however, immediately followed by a glutamate (E).

The significance of the above comments is as follows. Of the amino acids with charged sidechains, only aspartate (D) and histidine (H) appear to favor such binding in the present author\'s analysis, while glutamate (E) arginine (R), lysine (K) have zero valued parameters and so are contraindications of sialic acid or sialic acid glycan binding. However, the latter three charged amino acid residue can sometimes be found in scialic acid binding sites and in sites predicted as such by the present method. Indeed, they are often dominant features of residues directly interacting with sialic acid. In the sialic acid binding site of the globular head region of the Newcastle disease virus haemagluttinin a glutamate (E), three arginine residues (R) and a lysine (K) are intimate contact with sialic acid ligand. A difference is that these residues make intimate contact in space and are not together in a one or very few subsequences. That is, they do not necessarily constitute a sequence motif.

The actual extent of any counter-predictive impact of the above charged residues other than aspartate (D) and histidine (H), when they together in a subsequence of amino acids examined by the present algorithm, can be seen in false negatives. The neuraminidase of the plant *Striga asiatica* (Asian witchweed), was one of the false negatives: the analogous region to many of the above, at least in the sense of surrounding the only tryptophan (W) and with the peak value, is EGAVDRW**[R]{.ul}**GEANF where the tryptophan (W) has only a peak value of 88, and has an arginine (R), positively charged, on both sides. The other false negative in the original study was a bacterial (Chryseobacterium) haemagluttinin with the peak value of 93 at a tryptophan, but with two lysine residues (K), also positively charged sidechains, in the vicinity. Later studies also noted that N-acetyl neuraminic acid synthetase NeuB of *E. c*oli, which has 4 tryptophan residues (W), but did not exceed a score of 95 which was the score for a phenylalanine (F), and there is a single lysine near the peak value at FN of 95 in subsequence FNLYK. This enzyme catalyzes the condensation of phosphoenolpyruvate and N-acetylmannosamine) to form N-acetyl neuraminic acid, so it is possible that the binding to N-acetyl neuraminic acid is much weaker in order to release the product.

Nonetheless, closer examination shows that the contraindicative effect of glutamate (E), arginine (R) and lysine (K is not strong in the context of the algorithm and typical subsequences, so failure to predict is in practice more an effect of the subsequence as a whole). In the above and similar cases, substituting the lysine or arginine by, say, a serine (S) in "computer experiments" does not typically increase the score of any residue to more than 100. For example, in the case of the witchweed neuraminidase, changing RWR to SWS raised the peak value at the tryptophan to 99, a significant increase but still not exceeding 100. In some cases a value exceeding 100 can of course be attained. A false negative also found in later studies investigating these issues was the ox neuraminidase, with the subsequence DDHGVSWRYGGGVS containing the tryptophan (W) with peak value 96. Changing to an serine (S) the arginine (R) adjacent to the tryptophan (W) did have an effect, albeit that the only change was having the tryptophan as the only residue predicted, with a marginal score of 101.

4.6. Predictions of group B proteins {#sec4.6}
------------------------------------

Two kinds of potential true negative or false negative were distinguished in the study. The group that appeared to do particularly well at predicting those proteins that do not binding sialic acid or sialic acid glycan was, perhaps not surprisingly, group B, i.e. those proteins not expected to bind any kind of sugars. Out of the original sample of 10 proteins not expected to bind any kinds of sugars significantly, and that also confirmed that expectation, i.e. true negatives as far as predicting sialic acid binding is concerned, two (i) hemoglobin and (ii) trypsin precursor for which the prediction plots for which are shown in [Fig. 4](#fig4){ref-type="fig"}. The others not shown are mostly quite large proteins containing more than 5 tryptophan residues (W) sites, for which the method still correctly predicted as non-sialic-acid binders, and so worthy of some comments. They included (iii) human ubiquitin C of 685 residues and no tryptophans (W) and no residue score exceeding 56, in contrast to (iv) human progesterone receptor of 933 residues of which 6 were tryptophan but none of which exceeded 100 (one had the highest score of 95). The remaining true negative cases are (v) fatty acid oxidation complex subunit alpha FadB of *Acinetobacter calcoaceticus* of a substantial 717 residues, (vi) the mitochondrial NADH-ubiquinone oxidoreductase 75 kDa subunit of the camel, which comprised a substantial 733 residues but did notably not exceed a score of 77 for any residue, (vii) human cytochrome C with a maximum score of 87 for the second tyrosine (Y) in TGQAPGYS**[Y]{.ul}**TATAANKN, and (viii) alcohol dehydrogenase (human, 1A) that did not exceed a score of 81 for any residue despite the "concern" that ethanol having basic sugar-like features and so could, *a priori*, be marginal. Perhaps unfairly included as rather small, (ix) proinsulin nonetheless does contain a tryptophan (W) which correctly did not exceed 100 and indeed only had a score of 72 in LLALLAL**[W]{.ul}**GPDPAAA; the phenylalanine (F) in GPDPAAA**[F]{.ul}**VNQHLCG had a highest score of 81 in the sequence. In the initial study, the case most closely approaching a false positive in this group was (x) human prothrombin with a substantial number of 622 residues, there was only one residue, glycine (G), that reached a score of 100, and a residue score should exceed 100 to classify the whole domain or protein as sialic acid binding. It is possibly best declared as an example of a marginal case. At the outset false positives were expected to appear in this non-sugar-binding group groups as the sample is increased, not least because of the preliminary nature of the method. Human angiotensin converting enzyme type 2 (ACE2) was the first exception found and it is a significant exception in that it had two substantial regions 198--276 and 599--610 both exceeding scores of 100 throughout and peaking at substantial scores of 112.

4.7. Predictions of group C proteins {#sec4.7}
------------------------------------

This group is interesting in that persistently predicting these as false positives might incline a researcher to abandon specifically predicting sialic acid glycan binding and instead consider their method as better positioned to predict sugar binding in general, but this turned out not to be the case. For Group C, i.e. those sugar-binding proteins that are believed to bind sugars but not to bind sialic acids or glycans containing them, the prediction plots for the 6 true negatives are shown to the lower right in [Fig. 4](#fig4){ref-type="fig"}. Human α-amylase, not shown, was an interesting false positive with subsequence of residues all only marginally exceeding 100 YSG**[W]{.ul}**DFWGEGW but containing three tryptophans (W) of which the first had the highest score of 103. The human lysozyme precursor was also a false positive, albeit only marginally so, with one sequence KWESG[Y]{.ul}NTRA exceeding 100 and with the peak at tyrosine (Y) with a score of 103. In later studies examining the effect of considering weakly homologous sequences, the significantly different hen lysozyme precursor is interesting as still being a false positive but representing and even more marginal case, having one short subsequence with residues exceeding 100, namely WV, with tryptophan (W) with final score 102 followed by valine (V) with final score 101. While there are significant amounts of sialic acids in hen egg white, the author is not aware of any extract of hen egg white lysozyme that has these bound to the protein. Evidently comparisons of homologous proteins might be helpful to improve prediction power. Another false positive is the human ATP-dependent translocase ABCB1 isoform 2 which has a ribose binding site has a considerable size of 1280 residues yet with just one subsequence, SYALAF**[W]{.ul}**YGMMYFSYAGCF, exceeding 100, and has the peak of 107 at the tryptophan (W). For such reasons, one may suspect that a fairer set of criteria for assessing predictive performance would be an average per residue basis. One of the more recent studies included the SARS-CoV-2 polyprotein which contains proteins with known RNA and ribose binding functions. Out of 7095 residues, 184 residues exceeded scores of 100. The proteins and domains there, however, include several of which all possible functions are not yet known. Evidently, those regions with scores over 100, by virtue of being in proteins of SARS-CoV-2, are certainly worthy of future further examination in this project. However, this was considered beyond present scope for the present paper, as the focus is on the spike glycoprotein.

The more recent studies of sugar binding proteins that did not include suspected sialic acid or sialic acid glycan binding regions included sugar isomerases, such as the [l]{.smallcaps}-rhamnose isomerase of *Rubinisphaera brasiliensis*, which with 423 residues containing 9 tryptophans (W) was a true negative. They also included a comparison between sugar transporter proteins, such as the UDP-galactose transporter of Drosophila melanogaster had 357 residues including 4 tryptophans (W), the PTS fructose transporter subunit EIIC of *Aeromonas hydrophila* with 589 residues containing 7 tryptophans, and a facilitated glucose transporter member 1, which despite having 492 residues containing 6 tryptophans (W), all of which were true positives by not predicting any sialic acid or sialic acid glycan ability. However, some sugar transporters were false positives. For example, the arabinose transporter of *E. coli* had the subsequence F**W**LYTA which exceeded 100 with the tryptophan scoring 104.

4.8. Predictions of none-covalent sialic acid glycan binding in SARS-CoV-2 spike glycoprotein {#sec4.8}
---------------------------------------------------------------------------------------------

Armed with the above predictions and insights, one may make better informed judgements as to whether a domain for non-covalently binding host sialic acid glcycans may exist in the SARS-CoV-2 spike protein See [Fig. 5](#fig5){ref-type="fig"} . The above results suggesting the ability to distinguish between three classes of protein in relation to sialic acid glycan binding is perhaps surprising, not least because non-sialic sugars such as fucose and mannose can occur in cell surface glycans (including sialic acid glycans) as indicated in Introduction Section [1.3](#sec1.3){ref-type="sec"}. This is discussed in Discussion Section [5.2](#sec5.2){ref-type="sec"}. At this stage, only the ability to show propensities in different regions of the SARS-CoV-2 (GenBank entry MN908947.3) spike glycoprotein is required.Fig. 5Prediction of sialic acid glycan binding regions applied to the SARS-CoV-2 spike glycoprotein sequence.Fig. 5

4.9. S1-NCD motif FFSNVTWFHAIHV {#sec4.9}
-------------------------------

In this stage of the study the predicted regions of the SARS-CoV spike protein were examined in more detail. While as discussed above tryptophan can be involved in the fundamental structure of a sialic acid binding domain, an exposed tryptophan like that binding a sialic acid glycan in [Fig. 2](#fig2){ref-type="fig"} would be particularly persuasive. The first predicted sialic acid binding motif is segment FFSNVTWFHAIHV 58--70 with SABR-P score ranging from 101 for valine (V) to 113 for tryptophan (W) and for phenylalanine (F) is visible in PDB entry 6VVX (spike closed state) and 6VYB (spike open state).Image 11

As shown in [Fig. 6](#fig6){ref-type="fig"} , the tryptophan sidechain in FFSNVTWFHAIHV as residues 58--70 of the sars-cov-3 spike glycoprotein is exposed in a site that has all the appearance of a sialic acid glycan binding site, comparable with the influenza virus B neuraminidase (PDB entry 2BAT) tryptophan site known to have interaction with and sialic acid, that was shown in [Fig. 2](#fig2){ref-type="fig"}.Fig. 6The Tryptophan sidechain in FFSNVTWFHAIHV 58--70 of Spike Glycoprotein is Exposed in a Site that Has all the Appearance of a Sialic Acid Glycan binding site.Fig. 6

It is useful to see how recurrent a potential more universal motif may be, to give insight, to avoid cross reactions of vaccine in human and veterinary patients as hosts, to detect an underlying common function that one might not wish to inhibit in the host with an anti-viral therapeutic, and so on. A BLAST search on non-viruses picks this subsequence up as FFSNVTNIAWIHAI of *Parasteatoda tepidariorum*, the common house spider, and related sequences, a zinc figure domain because it contains FYVE the zinc finger motif, but more abundantly it picks up sugar-binding proteins such as glycosyl transferases such as FFSPVWARTPNVTWFH-HV of actinobacteria, Ribulose-phosphate 3-epimerase of animals, a-amylase of the Chitinophagia ("chitin eating") bacteria, C-type lectin 37Db-like of *Drosophila hydei*, and related sugar binding proteins, all varying around 100% cover and 55% match, 92% cover 71% match, 76% cover 70% match, and so on.

4.10. S1-NCD motif FFSNVTWFHAIHV {#sec4.10}
--------------------------------

The second predicted sialic acid binding subsequence SSSGWTAGAAA has been of interest in the preceding Sections [1](#sec1){ref-type="sec"}, [2](#sec2){ref-type="sec"}, [3](#sec3){ref-type="sec"}, [4](#sec4){ref-type="sec"}, where it seemed a likely sugar binding site based on circumstantial evidence such as homologies to neurmaindiases and glycan esterases. Unfortunately, it lies in the range that generally disordered in experimental 3D structure, e.g. residues 246--262 in VVX (spike closed state) and 243--262 in VYB (spike open state). It also has modest maximum scores of 109, but the above considerations do not prohibit its potential importance.Image 12

Again, as for the previous subsequence, it is useful to see how recurrent a potential more universal motif may be. BLASTp searches of non-viruses find subsequences in sugar binding proteins such as SSAGWTAGAA of microbacteria (90% cover 90% match), but compared with FFSNVTWFHAIHV discussed above, searche generate a lot of closer matches (many 100% matches with the top 99 at 100% cover 82% match or better) which, however, involve an even more diverse set of proteins. At first examination most appear less directly relevant to sugar, but many of these merit more examination. Details of each case are beyond present scope, but for example a particularly recurrent match example is SSSGWTAGA or similar sequences of proteins that contain the twin-arginine translocation pathway signal of most bacteria and archaea. For example such as *Ruegeria marisrubri*, of the *Rhodobacteraceae* has the above matching subsequence. The twin-arginine translocation pathway transports folded proteins across the cytoplasmic membrane of these microorganisms. The proteins are targeted by signal peptides containing a conserved twin-arginine motif, and the literature does not always mention any N-glycosylation and indeed there may not in every case be any directly relevant evidence of such. However, there is certainly known involvement in the production of secretory and extracellular N-linked glycoproteins in bacteria such as *Escherichia coli*.

4.11. S2 Motif HWKWPWYIWL {#sec4.11}
-------------------------

The third predicted subsequence is HWKWPWYIWL 1102--1218 with a peak score of 108 relates to IKWPWYIWL in the original Wuhan seafood market isolate (GenBank MN908947.3) and lies at the boundary between the C-terminal end of S2 and the transmembrane part 1214--1273. Its 3D structure is not, to the present author\'s knowledge, available, as it lies in residues 1147 onward are generally excluded from experimental structure (e.g. VVX and VYB).Image 13

Again, matches with non-virus or host proteins may be of interest as biologically and medically important. BLASTp searches on non-viruses with the sequence as query inappropriately pick up a lot of coronaviruses by accidently relating to the host name, but this is indicative of a strong recurrence of the motif across coronaviruses. Otherwise, there is a diverse set of matches especially but not solely with bacterial proteins, and unfortunately most are described as hypothetical proteins for which the function is typically unclear. Of those that are named, there are some indications of involvements with sugar binding in many cases. Many are ribosome proteins or phosphatases relevant directly or indirectly to RNA or ribose binding. The PAP2 superfamily is characterized by a core consisting of a 5-helical bundle and includes functions involving glycerol phosphates but also sugars such as in the case of Glucose-6-phosphatase. This subsequence HWKWPWYIWL also matches sequences in proteins with an SPFH domain which is implicated in regulating targeted protein turnover in stomatins and other membrane-associated proteins. HWKWPWYIWL has of course a notable tryptophan (W) repeat that hints a special role of its own, certainly worthy of analysis but outside present scope. In general, however, it does appear that across many proteins it has other functions than sugar binding (perhaps diverse or multiple functions), although sugar binding is not excluded.

5. Discussion {#sec5}
=============

5.1. Significance of the present work {#sec5.1}
-------------------------------------

The significance and innovation of the present work is that it proposes a sialic acid glycan binding function for the SARS-CoV-2 spike protein that has been largely neglected by other workers, apparently on the rationale that ACE-2 binding is the important first step in cell entry. Sites involved in the characteristic cap or knob of the spike protein appear partially persuasive in the light of their role as binding to host cells. There is a further possible site towards the base of the external part of the spike protein, which seems less likely by virtue of its position and weaker prediction. Interaction with sialic acid glycan with or without associated catalytic activity would be consistent with such functions observed in many respiratory and alimentary tract viruses, and not least in many or most other coronaviruses, and so such a function must be important to these viruses. On these grounds, it may be a target for therapeutic agents against SARS-CoV-2, particularly perhaps preventatives as well as means of impeding spread from lung cell to lung cell, and an exposed target for antibodies raised by synthetic vaccines. Although other authors have recently touched on such a glycan binding ability in SARS (as discussed in this paper above and particularly below), it has not been to the present author\'s knowledge analyzed in comparable detail and do not appear to relate to the same site. Nor do they propose a general prediction method for sialic acid glycan binding as described in the present paper. Of course, in the present paper this is still a prediction and not an experimental result, but it will hopefully encourage experimental researchers to investigate the glycan binding properties of SARS-CoV-2 more extensively. A further innovative feature is that predictive method, which is expected to be worthy of investigation for the proteins of other viruses and even of other organisms. Like many predictive methods in bioinformatics it is not perfect, i.e. there are false positives and false negatives in prediction, so it is actually conceivable that the method is useful even if it is not correct in the particular case of SARS-CoV-2. In that sense, it may emerge as the more important contribution.

5.2. The quality of predictions by the current SABR-P algorithm and future work {#sec5.2}
-------------------------------------------------------------------------------

The current SABR-P predictive algorithm is naïve and it is not expected that it will resemble closely the final refined form of the algorithm, which will based on more rigorously on principles closer to those of the GOR method \[[@bib20]\], the Hyperbolic Dirac Net \[[@bib21], [@bib22], [@bib23]\], the association Q-UEL language \[[@bib24]\], and the BionIngine implementation including its new algorithms \[[@bib25], [@bib26], [@bib27], [@bib28]\]. The impression of good performance for the current SABR-P method largely arises from the fact that it is only required to predict the sialic acid glycan binding properties of whole domains or proteins, not highly localized subsequences or surface patches. In essence, the method is really doing little more than capture and quantify in an algorithm the visual inspection of sugar binding domains and proteins and the observations of other workers as discussed above. However, the method was only required to help explore potential non-covalent sialic acid glycan binding sites in the spike glycoprotein, and in that regard it has proven adequate and valuable for present purposes. It also suggests a more refined approach may perform well because false positives and false negatives were mainly just over the boundary and just under it respectively. Resolution should be increased.

5.3. Distinguishing proteins binding different glycans and sugars {#sec5.3}
-----------------------------------------------------------------

The current predictions also indicate a research direction in which to explore. The parameters for the general sugar binding capacity of amino acids residues are very different to those used by other workers and here the focus has been on sialic glycans versus other saccharide-based molecules. In this, perhaps the most surprising finding of all is the apparent ability of the method to distinguish between sialic acid containing glycans and other sugars in the case of lectins. This is because non-sialic sugars such as mannose and fucose can occur in sialic acid glycans, and prediction results hint that there is likely to be some distinguishing feature for a majority of cases that makes a specific recognition. In this respect it would seem initially of concern for the sensibleness of the predictions that, for example, mannose-binding lectin binds to a range of sugars that also include N-acetyl-[d]{.smallcaps}-glucosamine, N-acetyl-mannosamine, fucose and glucose. It is therefore possible that research in this direction will not be so profitable because the above distinguishing behavior of the algorithm might be to some extent coincidental. Be that as it may, the predictions are remarkably much better than expected, and should certainly be challenged by researchers in order to improve such methods.

5.4. Future challenges {#sec5.4}
----------------------

Specifically, a larger sample may require a threshold adjustment or corresponding rescaling, perhaps resulting in a deterioration of performance particularly in regard to distinguishing lectins. Nonetheless, it is noteworthy that ultimately human glycan binding proteins have to overcome the same problem as the above kind of prediction algorithm. While this broad range of sugar recognition by the mannose-binding lection permits that lectin to interact with a wide selection of pathogens (viruses, bacteria, yeasts, fungi and protozoa) decorated with such sugars, there must be some kind of distinguishing aspect such that is not decoyed by the sialic acid glycans of the human host. A more mundane problem in extending the study is that the correct state as sialic acid glycan binding, other sugar binding, or not binding any kind of sugar, may be uncertain or a matter of degree. Further studies at time of writing suggested only about 70% for each of accuracy, sensitivity, and specificity, but this larger set is, as yet, of dubious quality for the purpose. Some proteins were believed, rather than known, to bind sialic acid glycans, binding might be weak or less specific or of multiple types, or the domain or approximate location of the binding site can be unclear. Related to that is a difficulty that the performance of any prediction method of this kind is defensible, and possibly unfairly defensible, in regard to false positives: it may be that experiment shows that a particular virus predicted to bind sialic acid glycans does not specifically do so, but perhaps it once did, in evolutionary terms. This is particularly relevant in regard to studying coronaviruses because, as discussed above, many coronaviruses certainly do bind sialic acid glycans. Of course, the prediction method would then still be subject to the criticism that it insufficiently sophisticated to manage the impact of small changes. For purely theoretical methods, that may be an issue for some time: in the present author\'s experience even simulations of binding of sugars to proteins in atomic detail tend to be difficult in view of the complex role of water molecules. For example, water molecules commonly represent protein-to-sugar bridges as discussed in this paper.

5.5. Biological implications {#sec5.5}
----------------------------

Potential biological implications arguably support the above prediction for SARS-CoV-2 spike protein. That is, the story "makes sense". Although the involvement of SARS-CoV and SARS-CoV-2 with sialic acid glycans has been rather neglected in the literature (but see below), such involvement represents a prominent and well known feature in the life history of influenza and other viruses, and appears no less important in the life of many other coronaviruses. Admittedly, HIV and many other enveloped viruses do not encode hemagglutinin for sialic acid binding. Instead, they interact using N-terminal sialic acid bound to envelope-associated proteins, like gp120 on HIV-1. However, the mode of infection is different. The SARS-CoV-2 coronavirus cannot jump in a magical way from contaminated surfaces to the lung, and it is doubtful that infective small loads of virus rely on chance to travel from the infecting person to the lung cell ACE2 receptor of the next human host. It is as yet unclear how many virus particles of SARS-CoV-2 are needed for infection, but the virus is clearly very contagious, and this may be because rather few particles are needed for infection.

In any event, the virus has to survive, and ideally even benefit for its survival, stages in a complex journey in mucus of a sneeze or on hands, face, eye, nose, or mouth, and in the various stages of the airway. Initial cell entry points are unlikely to be only the lung epithelium. SARS-CoV-2 entry factors are highly expressed in nasal epithelial cells together with innate immune genes \[[@bib29]\]. Viral mechanisms relating to these various surfaces could be fairly sophisticated. In biology in general, flexibility in carbohydrate recognition contributes to the targeting efficiency of carbohydrate-active enzymes in environments where there is diverse range of saccharides \[[@bib18]\]. In a virus, more than one saccharide-binding site or multiple sugar binding sites in a protein could act to increase or decrease the overall affinity and increase or decrease virus mobility at different locations, while conformational changes could make available some sites and not others could regulate the extent of movement of the virus. Some binding sites have evolved to distinguish not just the sugar residue components but several types of monosaccharide or glycosidic bond linkage.

Once having reached the vicinity of a cell with an ACE2 receptor, the virus still needs to recognize the cell surface and raft across the cell surface to reach the ACE2 receptor. Fantani et al. \[[@bib17]\] argued that a new type of ganglioside-binding domain exists at the tip of the N-terminal domain of the SARS-CoV-2 S protein, and that the subsequence 111--158, conserved among clinical isolates, may improve attachment of the virus to lipid rafts and facilitate contact with the ACE-2 receptor. This study also showed that, in the presence of CLQ or its more active derivative, hydroxychloroquine, the spike protein is no longer able to bind gangliosides \[[@bib17]\]. The present study does not support (nor necessarily refute) their conclusions in terms of such specific details, but the general argument concerning guidance to the ACE-2 receptor is compatible. Very recently Milanetti and colleagues have made available a preprint \[[@bib30]\] that is tune with such ideas, and specifically states that binding sialic acids provides a second means of entry, other than ACE2. Rather like the approach of Thornton et al. \[[@bib19]\], this is based more on interactions between surfaces of molecules in three dimensional space.

6. Conclusion {#sec6}
=============

The results and conclusions of this study are speculative in the sense that they are applications of computers (using the techniques of bioinformatics and a new predictive method), and hence they are essentially theoretical. Their role has been to highlight the likelihood that the SARS-CoV-2 spike has a biological function of binding host cell sialic acid glycans (and probably across cells surfaces by that means, as discussed below). In particular, a domain in the cap or knob of the SARS-CoV-2 spike, which has so far been somewhat neglected, is involved in the non-covalent binding of host sialic acid glycans. It is perhaps curious that subsequences found as conserved by use of bioinformatics tools such BLASTp and Clustal Omega (also used here as described in Methods Section [4.1](#sec4.1){ref-type="sec"}), or detected as a known or new functional motif, often seem in the literature to be considered as having the status of experiment or observation, while consideration of more complex patterns with more sequence options tend to be treated as theory and prediction. This caution is justified in the present study because further study and confirmation is required along the lines discussed in Discussion section [5](#sec5){ref-type="sec"} above. above. To the extent that it is a prediction, it is a prediction for SARS-CoV-2 made in advance of experiment in order to provide an objective and fair test of the methodology and it is hoped that it will stimulate experimental study in this area whether the experiments confirm or refute that prediction. Either result would likely be of ultimate medical importance. This is essentially typical of the more interesting roles of computers in biomedical research, although the general infrastructure and support that they provide for more routine tasks is of course of great importance.

The present paper possibly still stands as the first reported attempt to establish means of making use of sequence motifs that could be recognized between strains, albeit that the order and to some extent precise nature of the amino acid residues appears less important, or perhaps more subtle, than has been considered in previous papers in this series \[[@bib4],[@bib5]\], which is why it required the development of the predictive technique (SABR-P). This will be advanced in future work, but the present method already helps to make quick comparisons between SARS-CoV-2 sequences and to consider the effects of viral mutations. However, it was surprising that a very simple approach was so useful, and it can easily be reproduced in a very few lines of computer program. The important consequence of the present study, however, is that there are already a variety of inhibitors of sialic acid binding that may serve as anti-viral agents, and this will be examined elsewhere.
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